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Abstract
DC circuit breakers are needed in future HVDC grids to provide selectivity in clearing DC faults and
to achieve continuous operation of the healthy part of the grid. Standard mechanical circuit breakers
as used in AC systems cannot be used in HVDC applications due to the lack of current zero-crossing,
which is essential for arc extinction. To use mechanical interrupters for fault current interruption in
DC applications, resonant circuits are used to create artiﬁcial current zero-crossings, by superimposing
the resonant current on the DC current in the circuit breaker. Although the resonant current creates the
zero-crossing, it introduces stresses on the mechanical circuit breaker and limits its rating, since the
superimposed resonant current possibly introduces large peaks before current interruption.
This paper proposes an improved active-resonance DC circuit breaker topology which aims to increase
breaker ratings by avoiding these peaks. The improved topology is able to control the direction of reso-
nant current injection, limit internal circuit breaker currents and allows for multiple interruption attempts.
The principle of operation and advantages over presently proposed topologies have been veriﬁed by sim-
ulation results.
Introduction
The interest in the multi-terminal HVDC grid increases rapidly, since it is considered as a promising
solution for high power transmission over long distances and interconnecting asynchronous AC grids,
especially in systems with high penetration of renewable energy sources. However, protection of the
HVDC grid represents one of the main technical challenges. To build a multi-terminal HVDC grid,
a reliable protection system and fast, economic DC circuit breakers are seen as indispensable compo-
nents [1]. To achieve a selective protection and to assure the continuous operation of the grid, DC circuit
breakers are needed.
The DC circuit breakers can be classiﬁed into three main categories. The solid-state DC circuit breaker
represents the ﬁrst category which consists of series-connected power electronic switches in parallel with
energy absorption devices as shown in Fig. 1(a) [2]. Although the semiconductor devices provide arc-
less fast switching and meet the requirement of the HVDC grid with respect to interruption time, the
on-state losses of this circuit breaker, which can reach up to 30% of the VSC converter station losses [3],
are considered to be the main drawback of this type. Therefore, the other two categories, hybrid and
mechanical DC circuit breakers, are more appropriate for HVDC grid applications.
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The hybrid circuit breaker consists of a solid-state circuit breaker and a mechanical disconnector as
illustrated in Fig. 1(b). The current ﬂows through two or more low voltage power electronic devices
(IGBTs) in series with the mechanical disconnector during normal operation. However, the current
commutates to the solid-state circuit breaker during the interruption process [4]. Similar to the solid-
state type, the power electronic switches in the main path of the current makes the hybrid circuit breaker
suffering from on-state losses. However, the losses of the hybrid circuit breaker are much lower compared
to the solid-state type [2].
The mechanical DC circuit breaker has a pure mechanical interrupter in the normal operation path, which
makes it superior among the solid-state and hybrid circuit breakers in terms of on-state losses. The
mechanical DC circuit breakers consist of three parallel connections: the mechanical interrupter (normal
operation path), the current commutation circuit, which is necessary to create an artiﬁcial zero-crossing
through the mechanical interrupter, and the energy absorption (Fig. 1(c)).
Various mechanical circuit breakers have been proposed for high-power applications depending on the
commutation circuit types. In [5], a pulse generator composed of capacitor, inductor and thyristor, is
used to create the current zero-crossing. Whereas in [6], a capacitor with IGBT switches are used to
generate a pulsed current to bring the fault current to zero in the mechanical interrupter.
A passive commutation method, as proposed in [7], utilizes a passive resonant circuit to form the cur-
rent zero-crossing. In [8], a low-voltage power electronic converter connected in series with the passive
resonant circuit is used to improve the excitation process of the resonant current. While a pre-charged ca-
pacitor is connected in series with an inductor to form an active resonant circuit has been proposed in [9].
The goal of this paper is to propose a new type of active-resonance DC breaker which improves the
breaking capability of the mechanical interrupter in terms of limiting the superimposed current, control-
ling the resonant current injection direction and increasing the number of current zero-crossing points.
The innovation consists of the development of a modiﬁed resonant circuit of the active-resonance DC
circuit breaker. The paper will be organized as follows: the ﬁrst section discusses the principle of op-
eration of two types of DC mechanical circuit breakers. The drawbacks of the conventional topology
of the active-resonance DC circuit breaker are discussed in the second section. In the third section, the
principle of operation of the enhanced active-resonance DC circuit breaker topology is explained. In the
last section, conclusions are drawn.
Main Breaker
Surge Arrester
(a)
Main Breaker
Surge Arrester
Normal Operation Path
Fast Disconnector
(b)
Commutation Path
Surge Arrester
Normal Operation Path
Commutation Circuit
Mechanical Interrupter
(c)
Fig. 1: (a) Solid–state DC circuit breaker, (b) Hybrid DC circuit breaker, (c) Mechanical DC circuit
breaker.
Principle of operation of mechanical DC circuit breakers
Passive-resonance circuit breaker
The passive-resonance circuit breaker is able to interrupt the DC current by forming a current zero-
crossing by superimposing the resonant current iRes on the current in the mechanical interrupter iB
(Fig. 2(a)). As soon as the contacts of the mechanical interrupter separate from each other, an elec-
tric arc is formed between them. The electric arc voltage triggers the resonant circuit, and a current with
a resonant frequency is generated [10].
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Fig. 2: (a) Passive-resonance DC circuit breaker, (b) Active-resonance DC circuit breaker.
Using Kirchhoff’s voltage law (KVL) to the internal loop in Fig 2(a) (the mechanical interrupter and the
resonant circuit during arcing process) [11], the arc voltage (UB) is given by (1). The arc voltage can be
represented as a non-linear function of the arc current (iB) as described in (1) [10].
UB = f (iB) = L
diRes
dt
+
1
C
∫
iResdt (1)
By differentiating both sides of (1), (2) is derived, where dUBdiB is the resistance of the arc [10]. Due to the
inductance of components in the grid, the rate of change of the DC current (diDCdt ) is much less than the
rate of change of the resonant current (diResdt ). Hence,
diDC
dt can be negated from (2).
dUB
diB
diB
dt
=
dUB
diB
(
diDC
dt
− diRes
dt
) = L
d2iRes
dt2
+
1
C
iRes (2)
To generate an oscillatory behavior, the roots of (2) should be complex. Consequently the following
condition should be satisﬁed: −2
√
L
C <
dUB
diB
< 2
√
L
C . Since the arc voltage is inversely proportional
to the arc current [7], this condition is simpliﬁed to: −2×
√
L
C <
dUB
diB
< 0. Furthermore, the initial
conditions at the instant of interruption are: iRes(0) = 0 and
diRes(0)
dt =
UL(0)
L =
UB(0)
L .
By considering a vacuum interrupter as proposed in [12], the arc resistance is insigniﬁcant for high
voltage applications [13]. Hence, the solution of (2) as shown in (3) [11] can be simpliﬁed as shown
in (4).
iRes(t) =
UB(0)
ωL
e−(
1
2L )(
dUB
diB
)t sin(ωt), where ω=
√
1
LC − ( 12L dUBdiB )2 (3)
iRes(t)≈ UB(0)√
L
C
e−(
1
2L )(
dUB
diB
)t sin(ωt), where ω≈ 1√
LC
(4)
Equation (4) shows that the current iRes is proportional to the voltage of the arc UB(0). In case of high
currents interruption,UB(0)will be very low (as the arc voltage is inversely proportional to the interrupted
current). Accordingly, the magnitude of dUBdiB is low. Therefore, the term
UB(0)√
L
C
e−(
1
2L )(
dUB
diB
)t will have a low
rate of rise leading to an increase in the time required of the resonant current to build up to the value
of the DC current (iDC) to create the current zero-crossing. Furthermore, the larger CL results in larger
current; however, the resonant frequency (ω ≈ 1√
LC
) and diBdt are affected, which inﬂuence the breaking
performance of the mechanical interrupter.
The dependency of the interruption process on the arc behavior in the mechanical interrupter leads to
long interruption time which is considered as the main drawback of the passive-resonance DC circuit
breaker.
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Active-resonance circuit breaker
To overcome the drawback associated with the passive-resonance DC circuit breaker, the active-resonance
DC circuit breaker utilizes a pre-charged capacitor in the resonant circuit. The energy stored in this ca-
pacitor can be used to generate high peak currents during the interruption process.
In this type of circuit breaker a pre-charged capacitor is connected in series with a commutation switch
in the resonant circuit (Fig. 2(b)). During normal operation, the commutation switch is off. When the
resonant circuit needs to be excited throughout the breaking process, the commutation switch is closed.
Closing the commutation switch releases the stored energy in the capacitor in the form of high resonant
current. The capacitor C in Fig. 2(b) can be charged by turning on the switch ES and turning off the
switchCS during normal operation. However, ES will be off andCS will be ﬁred at the instant of starting
the breaking process.
By following the same analysis of the passive-resonance DC circuit breaker, the resonant current is
derived in (5). Unlike the passive-resonance DC circuit breaker, the resonant current iRes and the initial
voltage of the capacitor UC(0) are directly proportional.
iRes(t)≈ UB(0)−UC(0)√
L
C
e−(
1
2L )(
dUB
diB
)t sin(ωt) (5)
Drawbacks of active-resonance DC circuit breaker
Fig. 3 shows the positive pole current in the mechanical interrupter (iB) of the conventional active-
resonance DC circuit breaker for two cases: (a) the circuit breaker interrupts a positive DC current (iDC),
(b) the circuit breaker interrupts a negative DC current. In case of high diB/dt at current zero-crossing,
current interruption may fail at the ﬁrst zero-crossing. Therefore, to demonstrate the potential impact of
failed interruption, it has been assumed that interruption occurs at the third current-zero crossing.
At t = 4 ms, the resonant circuit is excited, and the resonant current (iRes) with 5 kHz resonant frequency
is superimposed on the DC current in the mechanical interrupter. The resonant current forces the positive
DC current in the mechanical interrupter to zero directly after turning on the commutation switch CS as
shown in Fig. 3(a). In case of successful interruption at the third zero-crossing, it oscillates between
−8 kA and 18 kA . On the contrary, in case (b) the mechanical interrupter current decreases to −17 kA
before increasing to zero as illustrated in Fig. 3(b). Furthermore, it oscillates between −17 kA and
6 kA in case of successful interruption at the third zero-crossing (Fig. 3(b)). This introduces stress on
the mechanical interrupter during the interruption process, and limits the interruption capability of the
circuit breaker.
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Fig. 3: The current in the mechanical interrupter (iB) of the conventional topology of the active-resonance
DC circuit breaker during (a) positive DC current interruption, (b) negative DC current interruption.
The previously described interruption performance of the active-resonance DC circuit breaker is due to
the fact that the topology shown in Fig. 2(b) can inject resonant current to the main path in one direction
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only, since the polarity of the capacitor cannot be reversed. Furthermore, this topology cannot limit the
injected current in the mechanical interrupter path.
Enhanced Active-Resonance DC circuit Breaker
Principle of operation
To overcome the aforementioned problems, an H-bridge of thyristors is added to the resonant circuit as
shown in Fig. 4. The improved topology has the advantage of directing the injected resonant current
in both directions. Furthermore, it is able to limit the injected current in case of current interruption
failure after the ﬁrst zero-crossing to reduce the stress on the mechanical interrupter and to increase its
interruption capability.
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Fig. 4: Enhanced active-resonance DC circuit breaker for (a) positive pole, (b) negative pole.
To control the direction of the injected current according to the direction of the DC line current (iDC),
thyristors P1 and P2 are ﬁred when the DC line current is in the positive direction, whereas thyristors
N1 and N2 are ﬁred if the DC line current is in the negative direction. Furthermore, thyristor F adds the
ability of reversing the polarity of the capacitor C.
The symmetrical monopole point-to-point HVDC grid test system shown in Fig. 5 is used to demonstrate
the principle of operation and the behavior of the proposed scheme. Half-bridge modular multilevel
converters in this test system are modeled using the continuous MMC model presented in [14], and the
PSCAD frequency dependent model of the cable is used. DC circuit breakers (B12p, B12n, B21p and B21n)
are modeled as an ideal switch with delay of 4.2 ms in parallel with a thyristor H-bridge as proposed
in Fig. 4. The resonant circuit is excited at t = 4 ms; however, the ideal switch will open 0.2 ms after
triggering the resonance to simulate the behavior of the mechanical interrupter within two zero-crossings
of the resonant current. The parameters of the grid and the converters are listed in Table I.
Bus 1 Bus 2L12 (250km)
MMC1 MMC2B12p B21p
LDCLconv LDC Lconv
LDCLconv LDC Lconv
B12n B21n
Fig. 5: Point-to-point HVDC grid test system.
A solid pole-to-pole fault is applied at the terminals of L12 at t = 0 ms, as shown in Fig. 5. The principle
of operation and simulation results are discussed for breaker B12p only.
Fig. 6 illustrates the different stages of the interruption process of the positive pole breaker (B12p) with
positive DC current when the breaker interrupts the current after the third zero-crossing. In simulation
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Table I: Parameters of HVDC grid test system based on [15].
Parameters MMC1 MMC2
Operating mode Rectiﬁer Inverter
Rated power [MVA] 900 900
DC voltage [kV] 320 320
AC grid voltage [kV] 400 400
Converter AC voltage [kV] 380 380
Transformer leakage reactance [pu] 15% 15%
Ac grid reactance [Ω] 17.7 17.7
Ac grid resistance [Ω] 1.77 1.77
Arm capacitance [μF] 29.3 29.3
Arm reactor [mH] 84.8 84.8
Arm resistance [Ω] 0.885 0.885
Converter DC inductance [mH] 10 10
DC line inductance [mH] 100 100
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Fig. 6: Different stages of a positive DC current interruption process after several zero-crossings.
the switches ES1 and ES2 shown in Fig. 4 are turned on during normal operation. However, before the
breaking process starts, both switches are turned off. The interruption process is described in four stages:
• Stage 1: P1 and P2 are turned on to trigger the resonance as shown in Fig. 6(a). The resonant
current starts to increase in the opposite direction of the current in the mechanical interrupter as
shown in the period ΔT1 in Fig. 7(a) and (b). The current in the mechanical interrupter decreases
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during this stage as illustrated in Fig. 7(a). The current in the resonant circuit (solid black line) and
the current in P1 and P2 (dashed green line) in Fig. 7(b) are equal.
• Stage 2: After the ﬁrst zero-crossing of the breaker current (at the end of ΔT1), the mechanical
interrupter fails to interrupt the current. Hence, N2 is turned on, as illustrated in Fig. 6(b), to limit
the current in the mechanical interrupter during the period ΔT2 (Fig. 7(a)). As demonstrated in
Fig. 7(b) during ΔT2, part of the resonant current commutates to N2. Therefore, the current in
N2 (iN2) increases and the current in P2 (iP2) decreases. The value of iN2 depends on the resistance
of the arc in the mechanical interrupter, which is considered in this paper to be zero.
• Stage 3: At the end of the second stage the voltage polarity of the capacitor is reversed as shown
in Fig. 7(c). Therefore, F is turned on to reverse the polarity of the capacitor as shown in Fig. 6(c).
During this stage (ΔT3), the current in the mechanical interrupter iB is equal to the current in the DC
line iDC (no resonant current appears in iB waveform in Fig.7(a)). At the end of ΔT3, the capacitor
voltage rises to the positive peak voltage (Fig. 7(c)).
• Stage 4: Once the polarity of the capacitor is reversed, F turns off, and P1 and P2 are ﬁred to repeat
the process until the circuit breaker succeeds to interrupt the current after several zero-crossings
as shown in Fig. 7 and Fig. 8. During this stage, the resonant current increases in the opposite
direction of iB as described in stage 1, until iB is equal to zero (ΔT4 in Fig. 7(a) and (b)). Once the
mechanical interrupter successfully interrupts the current, the DC line current commutates to the
resonant circuit as shown in Fig. 8. As a result, the capacitor charges, and the capacitor voltage
increases until it reaches the limiting voltage of the surge arrestor. Thereafter, the surge arrester
conducts the current and dissipates the stored energy from the DC inductance, until iDC drops to
zero (Fig. 8).
Comparison with conventional topology
The proposed topology limits the current in the mechanical interrupter which reduces the stress and
increases the number of zero-crossings during one cycle of the resonant current. Furthermore, it has the
ability to control the direction of the resonant current in order to achieve the current zero-crossing as
soon as possible. These features are illustrated in Fig. 9 and Table II, which compare the results of the
proposed topology with the conventional topology.
Table II: Proposed topology vs. conventional topology as shown in Fig. 9
Direction of iDC Proposed Conventional
Min. of iB [kA] + -1.5 -7.7
Max. of iB [kA] + 5.2 17.7
Min. of iB [kA] - -5.2 -16.3
Max. of iB [kA] - 4 5.4
Zero-crossings within 200μs +/- 5 3
Options to charge the capacitor
In the topology proposed in Fig. 4, the capacitor can be charged by turning on ES1 and ES2 during normal
operation. The resonant circuit is capable all the time to inject current in both directions depending on
the direction of the DC current. Using ES between the capacitor and inductor as shown in Fig. 10 instead
of ES1 and ES2 in Fig. 4, the capacitor can be charged by turning on ES and P2 in case of the positive
pole topology shown in Fig. 10(a). For the negative pole topology shown in Fig. 10(b), the capacitor can
be charged by turning on ES and N1. The topologies in Fig. 10 require fewer switches compared to the
topology in Fig. 4, however, before starting the interruption process, F should be turned on to reverse the
polarity of the capacitor, afterwards, the current can be injected to the mechanical interrupter depending
on the direction of the DC current.
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Fig. 7: Stages of a positive DC current interruption process (a) Mechanical interrupter current iB, (b) res-
onant and thyristor currents, (c) capacitor voltage, (d) thyristor ﬁring signals.
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Fig. 8: (a) The DC positive pole current, the current in the mechanical interrupter, the resonant current
and the surge arrester current of B12p during the entire interruption process, (b) zoomed-in ﬁgure of the
commutation process.
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Fig. 9: Comparison of mechanical interrupter current iB of conventional topology and proposed topology
when (a) positive DC current is interrupted, (b) negative DC current is interrupted.
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Fig. 10: (a) Positive pole topology, (b) negative pole topology.
Conclusion
The proposed improvement to the active-resonance DC circuit breaker limits internal breaker currents
and favors multiple interruption attempts. Furthermore, it has the ability to inject the resonant current
in both directions depending on the DC current, and the ability of reversing the polarity of the capacitor
without any additional stress on the mechanical interrupter. The proposed topology thus may allow to in-
crease circuit breaker interruption capability compared with the conventional active-resonance topology
and may improve multiple reclose performance, if required.
The arc and the non-ideal thyristor behaviors may have an impact on the commutation process. There-
fore, further investigations should be carried out to study the commutation behavior with the detailed
models of the thyristors and the electric arc.
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